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the former. So far various efforts have been made towards characterizing
these processes, yet there are still aspects that remain to be clarified. Previous
metadynamics analysis, as well as other independent studies, of the equilib-
rium conduction mechanism in NavAb point to a two-ion mechanism, de-
coupled from other incoming ions and water molecules. From the 0 mV
potential of mean force (pmf) relative to the two-ion conduction through
the channel SF, we analytically evaluate the pmf’s dependence on applied
voltage potential (V). When small V is applied biased and unbiased pmfs
are overall similar. Contrastingly, under higher V conditions, an excess free
energy arising from the applied external potential causes an asymmetry
between hyper (V<0) and depolarized (V>0) conduction free energy surfaces
and hence alters conduction mechanism. These results agree with MD studies
explicitly considering the influence of transmembrane potentials. Same anal-
ysis has been applied to a similar system containing two Kþ inside the NavAb
SF. We next aimed at further glancing at the channel conduction and selec-
tivity, by characterizing the kinetics of the process by means of transition state
theory. Surprisingly however, under higher voltages, the kinetic model highly
overestimate the expected conductance of the channel. We are now faced with
the question as to whether the TST model is inaccurate (though it has been
previously shown to work), or whether deeper issues, such as mistaking the
heights of barriers in the relatively confined SF environment are also playing
a role.
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Negative Countercharges and S4 Interaction in Domain IV of Nav1.4
James R. Groome.
Biological Sciences, Idaho State University, Pocatello, ID, USA.
The voltage sensor module comprises the positively charged S4 residues and
negative countercharges in S1 to S3 segments. In the present study the puta-
tive interaction of these charges in domain IV during fast inactivation of the
human voltage gated sodium channel of skeletal muscle was investigated. The
effects of charge reversing mutations of R1448 and R1457 were compared to
those for mutations at N1366, E1373, N1389 and D1420. Mutations slowed
the entry of channels into fast inactivation, slowed or accelerated the recovery
of channels from fast inactivation, and reduced the gating charge. Charge
swapping mutations had a more pronounced effect to rescue the wild type
phenotype on recovery from fast inactivation than for entry into fast inactiva-
tion. These results suggest specific residue interactions that promote S4 trans-
location during the deactivating transition leading to recovery from the fast
inactivated state.
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Modulation of Inactivation Kinetics of the Bacterial Sodium Channel
Nachbac Suggests a Complex Mode of Inhibition by Isoflurane
Rheanna Sand, Tamar Macharadze, Hugh Hemmings Jr.
Anesthesiology, Weill Cornell Medical College, New York, NY, USA.
The bacterial sodium channel NaChBac is a prokaryotic ancestor of eukary-
otic voltage-gated sodium channels (Nav), which are critical for action
potential generation and propagation in nervous and cardiac tissue. Like
all mammalian Nav isoforms examined thus far, NaChBac is inhibited by
clinically relevant concentrations of the inhaled volatile anesthetic isoflurane,
and inhibition is accompanied by enhancement of slow or C-type inactivation
(Ouyang et al., 2007). However, a detailed mechanistic explanation of the
interplay between C-type inactivation and isoflurane inhibition is lacking.
To shed light on the relationship between inactivation and inhibition,
we introduced point mutations known to alter inactivation in NaChBac
(G219A, G219P, G229A, and S195E), expressed the channels in HEK293FT
cells, and applied isoflurane during whole-cell patch clamp recording.
Preliminary data support the idea that isoflurane acts by multiple mechanisms
invovling multiple sites on NaChBac. Channel mutations that enhance
inactivation show greater current reduction by isoflurane, suggesting that
isoflurane binds more favorably to inactivated channels. However, isoflurane
exhibits both tonic and use-dependent block of the essentially non-
inactivating NaChBac G219P mutant, indicating that binding also occurs
in the closed/resting and open/conducting states. A detailed biophysical
and pharmacological profile of these NaChBac inactivation variants together
with a recent molecular dynamics simulation study showing isoflurane inter-
acting with NaChBac at three distinct binding sites (Carnavale et al, 2013)
supports multiple mechanisms of state-dependent inhibtion. Such functional
data help clarify the complex pharmacological effects of volatile anesthetics
on Nav channels, and contribute to better understanding of C-type inactiva-
tion in these proteins.
Supported by NIH grant GM 58055 (RS and HH) and German Research Foun-
dation fellowship 5767/1-1 (TM).679-Pos Board B434
Pharmacological Properties of Cinnamaldehyde on NaChBac
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Recent breakthroughs in the structure determination of the bacterial voltage-
gated sodium channel NavAb have revealed the full length Nav channel for
the first time at atomic resolution. However, additional structures of Nav chan-
nels in different conformational states are still needed for further understanding
of the conformational changes that take place in Nav channels during channel
gating. Specifically, full-length structures of Nav channels in the resting state,
open state, inactivated state, and drug-bound conformations are still missing. In
our search for ligands that confine Nav channels in one of these conformational
states we have turned our attention to cinnamaldehyde. We tested cinnamalde-
hyde, a compound that affects different subtypes of eukaryote Nav channels, on
the bacterial Nav channel NaChBac expressed in Xenopus oocytes. Our results
indicate that cinnamaldehyde has a dual effect on NaChBac: cinnamaldehyde
not only decreases the peak current but also accelerates channel inactivation
of this bacterial Nav channel in a concentration-dependent manner. Our record-
ings indicate that cinnamaldehyde stabilizes NaChBac in an inactivated state.
This opens up perspectives to employ cinnamaldehyde as a molecular tool to
aid crystallization of bacterial Nav channels in an inactivated conformation.
We expect that such a structure could give important insight into the conforma-
tional changes that contribute to channel inactivation.680-Pos Board B435
Automated Patch Clamping of 384 Cells at Once forMassively Parallel Ion
Channel Screening
Andrea Bruggemann, Claudia Haarmann, Timo Stengel, Marius Vogel,
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Niels Fertig.
Nanion Technologies, Munich, Germany.
Automated patch clamping is well established within academic research and
drug discovery efforts. Still, there is a longstanding desire to have gold stan-
dard electrophysiology compatible with primary ion channel drug screening
requirements. We here present a chip-based approach for massively parallel
patch clamp recordings. Using microstructured glass bottom microtitre plates,
recordings from 384 cells are performed in an automated fashion. The
recording system contains 384 patch clamp amplifiers and is integrated into
a liquid handling robot with 384 channel pipettor, so all experiments are
done completely in parallel. Success rates achieved are routinely over 85%.
A full run of 384 cells for dose response analysis takes less than 15 minutes,
delivering several thousand data points
per hour.
The figure below shows a screenshot of an
experiment on 384 CHO cells expressing
Kv1.3 channels. (Raw current responses
to a voltage step protocol). In this presenta-
tion, recordings from various ligand- and
voltage-gated ion channels on the 384
channel platform will be shown.681-Pos Board B436
Sodium Channel Peptide Neurotoxin Studies Using a High Throughput
Electrophysiology Platform and Very Long Assay Windows
Xin Jiang, Jeffrey Webber, Trisha Mitlo, Edward Verdonk, James Costantin.
Molecular Devices, LLC, Sunnyvale, CA, USA.
Neurotoxins identified in various animal venoms have long been used for
studying ion channel structure and function, due to the high binding affinity
of toxins to ion channels. Over the years, peptide neurotoxins have also
attracted great interest as potential strategies for treatment of ion channel-
related diseases. Despite the growing need of developing peptide toxins as
drug candidates, the high-throughput analysis of peptide toxin can be chal-
lenging, as the toxins are typically large molecules with relatively slower
binding-rate to the channel targets (compared to small molecule compounds).
In addition, the binding affinities of these toxins to the channel are often
state-dependent. Taken together, to successfully assay these toxins an assay
platform needs to provide: 1) A long and stable assay window to capture the
full association kinetics of the toxins, 2) Sophisticated voltage protocols to
drive channels into desired conformational states, and 3) Adequate throughput
and low running cost requirements of a drug screening environment. In this
Sunday, February 16, 2014 133astudy we used a selection of peptide neurotoxins against the cardiac NaV1.5
channel to demonstrate the feasibility of screening slow-binding molecules
by applying sophisticated voltage protocols, and acquiring stable, high quality
recording for more than 30mins. The toxins used were: 1) JingZhaotoxin-II
which is a potentiator or positive modulator of NaV1.5 channels, 2) Pro-
Tx-II, which is an inhibitor of NaV1.5 channels, and 3) u-Conotoxin PIIIA a
NaV1.4 inhibitor was used as a negative control. The IonWorks Barracuda
Plus platform was used for these studies. Results are presented which are in
good agreement with peer-reviewed publications. Taken together, these results
demonstrate the high-throughput capabilities of this platform for measuring
peptide toxins targeted against ion channels.
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Mammalian voltage-gated sodium channels (Nav) are composed of two sub-
units: a monomeric pore-forming subunit (a-subunit), that contains four
domains (DI-DIV), each composed of a voltage-sensing domain (VSD,
S1-S4) and a pore domain (S5-S6) and auxiliary subunits (b-subunits) that
are transmembrane proteins with type I topology: containing an extracellular
amino-terminus, a single transmembrane segment and an intracellular
carboxyl terminus. A large body of literature has shown that interaction be-
tween a- and b-subunits results in Nav with altered gating kinetics suggest-
ing that b-subunits may directly interact with VSD. However, aspects of the
stoichiometry, arrangement and molecular interaction between a and b sub-
units remain unclear. In this study, we explored the location of b1 in relation
to the rat skeletal muscle sodium channel a-subunit (Nav1.4) using
lanthanide-based resonance energy transfer (LRET) via two strategies. 1)
Four Nav1.4 constructs were designed to encode a Tb3þ binding-tag
(Nav1.4-LBT) on top of the S4 of each domain (DI-LBT, DII-LBT, DIII-
LBT and DIV-LBT) as energy donor. A hexa-histidine-tag was inserted in
b1 (6His-b1), which binds a Cu2þ ion to act as acceptor. 2) b1 constructs
were designed to encode at an extracellular site an LBT that binds Tb3þ
as energy donor while the acceptor was Alexa488 conjugated to Ts1, a b
scorpion toxin which binds to DII-VSD in Nav1.4. For both experiments,
we used Xenopus laevis oocytes co-expressing Nav1.4 and b1 constructs
injected with the cRNA at 1:1 molar ratio. In preliminary results, DIV-
LBT þ 6His-b1 oocytes displayed robust energy transfer between Tb3þ and
Cu2þ, indicating that at least one b1-subunit is located at ~28 A˚ of S4-
DIV. Support: 13POST14800031 (AHA), MOP-10053 (CIHR), GM68044-
07, U54GM087519 and GM030376.
683-Pos Board B438
Tracking Voltage-Dependent Conformational Changes of the VSD in Nav
with LRET
Tomoya Kubota1, Pedro Brugarolas1, Bobo Dang1, Rocio K. Finol-
Urdaneta2, Ludivine Frezza1, Robert J. French2, Stephen B.H. Kent1,
Francisco Bezanilla1, Ana M. Correa1.
1The University of Chicago, Chicago, IL, USA, 2University of Calgary,
Calgary, AB, Canada.
Voltage-gated sodium channels (Nav) are fundamental for the generation and
the propagation of action potentials. Mammalian Nav alpha subunits are sin-
gle macromolecules organized in four different domains (DI-DIV). Each is
composed of 6 transmembrane segments (S1-S6) from which S1-S4 consti-
tute the voltage sensing domain (VSD) and with S5 and S6 constituting
the pore. While Nav function has been studied extensively, the exact struc-
tural mechanisms of gating are not fully understood. Recently, the crystal
structure of the prokaryotic sodium channel, NavAb, has been solved, but
NavAb is a homotetrameric protein in contract to the mammalian Navs.
Thus many questions were not answered by the prokaryotic channel struc-
tures. To resolve the voltage dependent conformational changes of Nav,
we tracked conformational changes of the VSD from each domain of the
rat skeletal muscle sodium channel (Nav1.4) using Lanthanide-based Reso-
nance Energy Transfer (LRET), a FRET technique that allows for precise
measurement of intermolecular distances by taking advantage of the special
properties of lanthanide as an energy donor. We prepared Nav1.4 constructs
with a genetically encoded lanthanide binding tag (LBT), which holds a
lanthanide (Tb3þ) ion with high affinity, inserted at the top of the S4
segment in each domain. Also, we synthesized two toxins conjugated to
dyes to function as acceptors: the pore-blocking small molecule tetrodotoxinconjugated with a HiLyte fluor488 (TTX-F), and the peptide b scorpion toxin
Ts1, from the Brazilian scorpion Tityus serrulatus, conjugated with Alexa488
(Ts1-Alexa488). Having several donor positions (Tb3þ ions in LBT’s) and
two different acceptor positions (TTX-F and Ts1-Alexa488), we calculated
multiple distances in voltage-clamped Xenopus laevis oocytes expressing
our Nav1.4 constructs that remained functionally active. The results provide
new insight to structure-function information in mammalian Nav channels.
Support: 13POST14800031 (AHA), MOP-10053 (CIHR), GM68044-07,
U54GM087519 and GM030376.
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Observation of "Remote Knock-On", a New Permeation-Enhancement
Mechanism in Ion Channels
Dmitry G. Luchinsky1,2, Rodrigue Tindjong2, Igor Kaufman2,
Peter V.E. McClintock2, Igor A. Khovanov3, Bob S. Eisenberg4.
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University, Lancaster, United Kingdom, 3University of Warwick, Coventry,
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We report observation of a novel ‘‘remote knock-on’’ mechanism for enhance-
ment of permeation in Brownian dynamics simulations of a simple model ion
channel. Unlike conventional knock-on, which requires a second ion of the
same species to enter the channel in order to knock forward and replace an
ion already in the channel, the new mechanism does not require the instigating
ion to enter the channel, nor that it be of the same species.
The figure plots the conditional probability
distribution as a function of the position x
of the instigating ion at the instant of
permeation when the ion initially trapped
at x=0 escapes to the right. The curves are
plotted for different solute concentrations
CL. The most probable position of the insti-
gating ion is clearly at the left mouth of the
channel (x=-15A˚). A 2nd small peak corre-
sponding to conventional knock-on appears
at x=0 for high enough CL.685-Pos Board B440
A Mutational and Computational Study of Water and Ion Movement
through the S6 Bundle-Crossing of CaV1.2 Channel
Roman Shirokov.
Pharmacology and Physiology, NJMS Rutgers University, Newark, NJ, USA.
How exactly voltage-gated calcium and sodium channels open their physical
gate formed by the S6 TM segments is not clear yet. To study this, we modeled
the pore-forming region of CaV1.2 channel using a combination of homology-
based modeling and abinitio Rosetta algorithm. The obtained fold was stable
during 100-200 ns long molecular dynamics runs with implicit membrane
and solvent. In explicit membrane/water systems, it remained stable during
multiple 40-50 ns runs. When tested with the ZDOCK protein-docking algo-
rithm, the fold binds toxin Calcicludine at a site that incorporates residues,
which previously were shown to be involved in binding of the toxin. Molecular
dynamics with SWM4-NDP water and polarizable ions reveals the presence of
novel water-filled cavities on the intracellular side of the channel. We mutated
the principal residues that form them and show their critical role in channel
gating.
According to molecular dynamics calculations, water polarizability appears to
be important for the filling of channel. We observe that water molecules form
stable structures (an enthalpy stabilized ice-like phase) inside the channel. We
mutated the principal residues that are predicted to alter water structures in the
pore and confirm their role in channel gating. Overall, our findings further elab-
orate previously proposed involvement of water in channel gating and uncover
a novel molecular view on the final steps of channel opening. Supported by NIH
R01 MH079406.
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Poisson-Fermi Model of a Calcium Channel: Correlations and Dielectric
Coefficient are Computed Outputs
Bob Eisenberg1, Jinn-Liang Liu2.
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We derive a continuum model of biological calcium channels, called the
Poisson-Fermi equation, designed to deal with crowded systems in which
ionic species and side chains nearly fill space. The model is evaluated in three
dimensions. It includes steric and correlation effects and is derived from
